Introduction
As is the case for most production operations, process and production planning for air bending operations are performed on an individual basis, without keeping track of many conflicting constraints and optimisation criteria. However, keeping production planning criteria in mind while performing the process planning and vice versa, can result in a much higher throughput for such a sheet metal bending cell. Section 2 focuses on the used process planning algorithms, including both tool selection and bend sequencing. In Section 3 the production planning model will be briefly stated, together with the used algorithms for solving this model. Section 4 will focus on the fields of interaction of both modules, the need for multiple process plans and the effect of tool layout generation for multiple jobs.
Process Planning
Two interlocking problems of process planning for bent sheet metal parts are tool selection and bend sequencing. The systems found in the literature either depend on a manual tool preselection to find a bend sequence or base the selection of tools on a predefined bend sequence. The drawback of the first approach is a high likelihood of an infeasible bend sequence in case of an inappropriate manual preselection. Consequently, the whole process still depends heavily on human experts. On the other hand, the second approach often results in expensive constructions of new tools in order to keep the defined bend sequence. In contrast to the previous researches, recent developments [1, 2, 3] have shown that an efficient selection system should consider not only the final part definition [1, 2] but also the intermediate shapes of the part [2] since in this unique process the workpiece changes its shape and position continuously. Thus tools must not only be selected according to the envisaged product but also be adjusted during the bend sequencing, if necessary. Moreover, optimisation strategies [3] should be considered at these both stages of tool selection in order to minimise the tooling resource. An integrated system of automatic tool selection and bend sequencing has been constructed [4] , including a preselection and optimisation step, an optimised and refined selection step integrated with bend sequencing, and an optimisation step after bend sequencing. Tool preselection and optimisation. The preselection step eliminates infeasible tools based on two main groups of considerations, namely technological and geometric considerations [1, 2] . The first group of considerations assures the appropriate quality and manufacturing environment for the part. It takes into account the manufacturing parameters such as the sheet thickness, the bend radii, the quality requirements, and the gauging requirements to decide the bending technique, the machine class, and the tool class to be used. The second group of considerations takes into account the final shape of the part in order to avoid collisions between the part and the tool during the production process. A number of collision-prone local details have been defined and can be used for this purpose. Each of them has a special structure that can be mapped out from the part. In the early phase of process planning, these details are detected and the corresponding collision patterns are isolated to generate specific requirements for tool shape features as shown in Fig. 1. An expert system is built [4] to convert these two groups of requirements into a set of hard constraints to filter out the infeasible tool candidate. Moreover, where a minimal production resource is desired, optimisation algorithms are usually applied. Aiming at maximising the global preferences of tool utilisation, tools preferred by either the production company, the other parts of the same job pool, or tools already used by other bend lines of the part have higher preferences to be chosen among other tools. This strategy results in a more intensive utilisation of a group of highly preferred tools so that the global tool collection can be more compact. Such preferences are used as soft constraints for tool selection.
Utilising a combination of hard constraints and soft constraints, all feasible tools are recognised per bend line with respective preferences. In order to determine a single tool-bend assignment per
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Sheet Metal 2005 bend line from this preselection, an SCP model [5] is applied to assign a tool to each bend so that the number of tool profiles used is minimal. The output generated, being a feasible and optimised tool assignment per bend line, serves as the starting point for the bend sequencing. Optimised and refined tool selection integrated with bend sequencing. The bend sequencing procedure seeks a feasible bend sequence based on a branch-and-bound search using heuristics [6] . Starting from the unfolded pattern of the part, the search advances to the node representing the bend line that has the lowest penalty based on a set of precedence rules. At each node, a threedimensional collision check is performed. If the node is collision-free, then it is added to the solution sequence, i.e. the unfolded pattern is bent at this bend line. Otherwise, the collision pattern is analysed and additional geometric constraints are generated to refine the selection for the current bend line [1, 2] . Among the feasible tools proposed, a single tool is picked based on its preference factor in order to achieve global tool optimisation. Moreover, an additional penalty is attached to each tool change since adding a new tool profile means a new machine station must be allocated. The regime for the tool change penalty calculation is: If no tool can be selected for the current collision situation, an infinite penalty is applied for that node. Thus all the paths leading from this node are pruned and no longer considered. If the new tool selected for the current bend line is already used for other bend lines, no penalty is applied. Otherwise, this penalty is calculated based on the preference of the tool [3] in order to maximise the global preference of the tools selected. Afterwards, the search advances again based on the total penalty of nodes, including the penalties from the set of heuristic rules and those from the selection of the new tool.
Production Planning
Problem delineation. The main purpose of a day-to day planning is to set up a production plan for a pool of jobs so that total production and change over time is minimised. This pool of jobs is chosen in such a way that all due dates are automatically satisfied. As a starting point for generating this production plan, a process plan for every job is to be generated. Next, a number of production layouts per job and for combinations of jobs are generated for the complete set of jobs and the production time is calculated [7] . The different manipulations during the bending process are analysed and based on detailed time and motion studies production times are calculated for every feasible product / production layout combination. Most of the time in real-life only one production layout is considered for a job. However a workpiece can be made in different ways using different production layouts, still linked with one and the same process plan. This issue is considered in this paper and consequently different production times have to be calculated. A drawback is that the number of feasible production layouts per job could become extremely high. For this reason the number of different production layouts is being limited to a few very suitable layouts per job, being the ones in which the stations are placed in such a way that the walking distance is minimised according to the used bend sequence, thus minimising the production time for a job [8] . Accuracy constraints might as well require that the wider stations appear as close as possible to the middle of the press brake (machine deformation considerations). Model. Before explaining the algorithm for solving the production planning problem, having sequence dependent change over times, lets first briefly present the used model, the Travelling Purchaser Problem (TPP).
Ramesh [9] describes the TPP as a generalisation of the Travelling Salesman Problem (TSP). An agent must visit a number of markets / cities in order to satisfy at minimum cost, demand requirements for given commodities. The cost consists of two elements, i.e. the travel cost between the markets and the purchase cost for buying the commodities.
In Fig. 3 a graphical representation is given for the Travelling Purchaser Problem. The squares (cities) represent the production layouts, the circles (commodities) the jobs. The travelling costs between the cities are the change over times between the production layouts, while the purchase costs are the production times of the products related to a certain production layout. Some jobs (circles) are connected to several squares (production layouts) by arrows, since some jobs can be performed by several production layouts. The dotted arrows represent a feasible solution: two production layouts are chosen, i.e. e and f, and jobs 3 and 4 are performed using layout e, and jobs 1 and 2 are performed using layout f. Most of the time we do not have a cycle and dummy layouts are then added to represent the starting and ending layout. Several procedures exist to solve the TPP; we refer to the search algorithm of Ramesh [9] , the generalised savings algorithm of Golden et al. [10] , the tour-reduction algorithm of Ong [11] , the commodity-adding algorithm of Pearn [12] , and the branch and bound procedure of Singh and Van Oudheusden [13] . The procedure presented in the next section is based on the two underlying problems, i.e. the Simple Plant Location Problem (SPLP, [14] ) and the Travelling Salesman Problem (TSP, [15] ). Used algorithm. Solutions to this problem can be generated in different ways, depending on the importance given to production times or change over times. If one wants to minimise the number of change overs then a Set Covering formulation can do the trick. Here a two-step algorithm is implemented, based on the structure of the TPP. In a first step a simple plant location problem (SPLP) is solved [14] using average change over times as opening costs for the different plants. In a second step a TSP is solved using the open plants as customers and the real change over costs as travelling costs. Since the resulting TSPs are quite small the problems are solved optimally using LINGO [16] . The first step of the algorithm defines the production layouts to be used and the assignment of jobs to these layouts. The second step creates the order in which the different production layouts are set up. At the end the real production time is calculated with the correct change over times.
Interaction
Both process planning and production planning procedure use their own criteria to seek for a good solution to their respective problems. However, introducing a few extra procedures in these algorithms leads us to a more integrated process and production planning module. A first point of attention is the update process for the preselection criteria. Creating multiple process plans per job and multiple production configurations per process plan leaves even higher chances to the production planning algorithm of finding a production plan having an even lower makespan. Preselection criteria update. A first step in the process planning procedure is the tool preselection and optimisation (as explained before). To be able to optimise your preselection in a good way, aiming at maximising the global preferences of tool utilisation -tools preferred by either the production company or the other parts of the same job pool -a good tracking system is needed to be able to set up the needed database with data concerning already produced / planned jobs.
Multiple process plans.
To have a higher flexibility in optimising the production planning, multiple process plans are generated, having a different bend sequence and / or (a) different tool set(s) assigned to them.
In case we are looking for another bend sequence, this search for a second, third, … process plan is not taking as much time as it took the system for a first feasible solution. This results from the branch and bound approach used for finding a feasible process plan. The result of the first search is a tree with a path leading towards the first indicated process plan, accompanied by pruned nodes (infeasibilities). This way a number of branches can be immediately deleted from the lengthened search for alternative process plans. As well, the penalty system leads the search in a guided way towards solutions close to the optimal one. This penalty system resulted in an evaluation value for the first found process plan and one for every node visited during the initial search. In the extended search for process plans, the evaluation value can be used as a lower bound to further narrow the search for better solutions.
The second way of generating multiple process plans is by optimising the tool assignment for the currently found solution(s). After a bend sequence is found with a specific tool assignment, the corresponding process plan can still be modified so as to optimise the production resources. In the current process planning, the feasibility and the preferences for each tool-bend assignment are calculated and kept throughout the procedure. Initially, the preselection step eliminates some of these assignments. In the later phase of bend sequencing, more assignments are eliminated due to the new constraints added. However, multiple alternatives are still kept per bend line for the same bend sequence. At this point, various combinations of the tool assignments for all bend lines are possible. The same SCP model, which was previously mentioned in the process planning paragraph, can be used to assign a single tool for each bend line so as to minimise the number of tools used.
However, it could be noted that the tool alternatives left for each bend line must be verified as collision-free before being used in the input matrix of the SCP model as a feasible tool for that bend. The priority in which these candidates are verified depends on the similarity [3] between their shapes and the shape of the current tool assigned to that bend line to assure a small likelihood of collision between the replacement tool and the intermediate part. Layout generation. In the current way of working only one tool layout is generated per process plan / job combination, resulting in the need for (approximately) one change over per job. However, since we are focussing relatively high change over times with respect to the real production times, especially in case of small batch production, removing a change over can have a rather important impact on the makespan. This is why also multiple tool layouts are being generated for every job / process plan combination. In the case a tool layout is to be generated for multiple jobs, the same algorithm can be used as for tool layout generation for a single job (e.g. approach Franke, [17] ), however the combined constraints are to be used. As well, the tool layouts for single job / process plan combinations are still needed, since combining two jobs on a single tool layout has also its impact on the production times for the jobs concerned, which might as well become higher. The production planning algorithm will at the end decide on the use of tool layouts for multiple jobs and / or tool layouts for single jobs for every job individually.
Conclusion
This paper focuses on the application of process planning and production planning algorithms in sheet metal industry, for sheet metal bending operation to be more precise. Both the implemented process planning and production planning algorithms have been presented in short, followed by a discussion on the need for integration of both planning aspects. Until recently both planning modules worked independent of each other, each optimising according to its own criteria. However,
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by implementing a few extra procedures related to tool preselection, multiple process plan generation, … and linking both modules together an integrated system can be generated, leading in general to better production plans, as far as makespan is concerned.
